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Abstract
Climate models predict that the region of the Great Plains Landscape Conservation Cooperative (GPLCC) will experience increased maximum and minimum temperatures, reduced frequency but greater intensity of precipitation events, and earlier springs. These climate changes along with different landscape management techniques may influence the persistence of the lesser prairie-chicken (Tympanuchus pallidicinctus), a candidate for protection under the Endangered Species Act and a priority species under the GPLCC, in positive or negative ways. The objectives of this study were to conduct (1) a literature review of lesser prairiechicken nesting phenology and ecology, (2) an analysis of thermal aspects of lesser prairie-chicken nest microclimate data, and (3) an analysis of nest site selection, nest survival, and vegetation response to 10 years of tebuthiuron and/or grazing treatments.
We found few reports in the literature containing useful data on the nesting phenology of lesser prairie-chickens; therefore, managers must rely on short-term observations and measurements of parameters that provide some predictive insight into climate impacts on nesting ecology. Our field studies showed that prairie-chickens on nests were able to maintain relatively consistent average nest temperature of 31 °C and nest humidities of 56.8 percent whereas average external temperatures (20.3-35 .0 °C) and humidities (35.2-74.9 percent) varied widely throughout the 24 hour (hr) cycle. Grazing and herbicide treatments within our experimental areas were designed to be less intensive than in common practice. We determined nest locations by radio-tagging hen lesser prairie-chickens captured at leks, which are display grounds at which male lesser prairie-chickens aggregate and attempt to attract a female for mating. Because nest locations selected by hen lesser prairie-chicken are strongly associated with the lek at which they were captured, we assessed nesting habitat use on the basis of hens captured at individual leks, and then for all leks pooled. There was no clear pattern of selection for treatment type for nest placement among hens associated with individual leks; however, when hens from all leks were pooled, we found nesting lesser prairie-chickens selected control plots for nesting over plots that were grazed, treated with tebuthiuron, or were both grazed and treated with tebuthiuron. Overall, the probability of a nest surviving the incubation period was 0.57 for this study and did not vary significantly among treatment types. In contrast to nesting preference for untreated habitats, lek use exhibited no noticeable selection of treatment type.
Over the 10 years of the habitat management study, there was 91 percent less sand shinnery oak (Quercus havardii) in treated areas than untreated areas. The removal of sand shinnery oak made environmental soil moisture more available for grasses and forbs to germinate and grow. Grasses increased by 149 percent and forbs increased by 257 percent in treated areas as compared to untreated areas throughout the study period. Our combined results, including our habitat selection analysis at the individual lek level, indicated that reduced rates of herbicide and short-duration grazing treatments were
Introduction
The lesser prairie-chicken (Tympanuchus pallidicinctus) has experienced as much as a 97 percent decline in population size (USFWS, 2011) and similar suspected reduction in occupied areas from historic levels. The species is currently undergoing review for listing as a threatened or endangered species under the United States Endangered Species Act. The lesser prairie-chicken is a priority species under the Great Plains Landscape Conservation Cooperative (GPLCC) and State wildlife conservation plans. The semiarid region of the Southern Great Plains encompasses the entire distribution of the lesser prairie-chicken, which is considered to be the principal indicator species of the ecosystem (Giesen, 1998) . We are involved in studies of lesser prairie-chicken nesting and brood-rearing ecology (Grisham, 2012) , overwinter and breeding survival (Boal and Pirius, 2012) , and habitat use in west Texas and eastern New Mexico (Boal and others, unpub. data, 2012) . Similar studies have been, and are being, conducted elsewhere across the distribution of the prairie-chicken including Kansas, Colorado, and Oklahoma; however, the influence of drought and climate change on lesser prairie-chickens has, to date, been largely overlooked (Grisham, 2012) . This lack of information is of concern because prairie-chickens are sensitive to landscape alterations and drought (Hamerstrom and Hamerstrom, 1961; Crawford, 1980) . Drought is suspected to negatively influence lesser prairie-chickens through reduced growth of vegetation that provides nesting, roosting, and escape cover and food (Merchant, 1982; Grisham, 2012) . Furthermore, there is evidence that home range sizes increase during drought years (Merchant, 1982) , and recruitment is lower after drought years (Merchant, 1982; Giesen, 1998) . Landscape alterations and management (for example, herbicide treatment of shrubs and grazing systems) appear to influence resource selection, survival, and reproductive success of lesser prairie-chicken populations (Haukos and Smith, 1989; Olawsky and Smith, 1991; Johnson and others, 2004) ; however, specific (that is, long-term) population parameters and vital rates necessary for development of models of response to predicted climate change are lacking. Furthermore, despite substantial efforts to conserve lesser prairie-chickens and their habitats, the thermal ecology of the species is unknown and virtually no information is available for predictive modeling of the role climate change may have on the nesting ecology of this species.
One of the primary science goals for the Landscape Conservation Cooperatives and the U.S. Geological Survey National Climate Change and Wildlife Science Center is to assess the vulnerability and risk of species to climate change. Furthermore, the issue of climate change as a challenge to bird conservation in arid and semiarid regions was identified by Federal and State fish and wildlife management agencies as a high priority issue (http://nccwsc.usgs.gov/). A key issue in conservation of lesser prairie-chickens in context of climate change is that the thermal ecology of the species, many specific vital rates, and long-term responses to habitat alterations are unknown. As such, virtually no information is available allowing predictive modeling of the role climate change may have on the reproductive ecology of the species, which is important in that the GPLCC region is anticipated to experience increased maximum and minimum temperatures, increased intensity of reduced frequency but greater intensity of precipitation events, and spring and the associated environmental phenology occurring earlier. In particular, climate change forecasts indicate that the southern Great Plains will become drier with more frequent extreme heat events and decreased precipitation events (Karl and others, 2009) ; thus, lesser prairie-chickens may be exposed to increased temperatures and decreased humidity that may exceed not only their own tolerance levels but that of their eggs. Increased surface and ambient temperatures and reduced humidity may lead to egg death and (or) nest abandonment. These impacts may be exacerbated if, because of low precipitation, nesting phenology shifts to later in the year when temperatures are increased and humidity decreased (Grisham, 2012) .
There are multiple goals for our studies in west Texas and eastern New Mexico. First was our objective of conducting a literature review for existing information on lesser prairiechicken nesting phenology and nesting ecology. Second was an in-field assessment of the thermal ecology of lesser prairie-chickens derived by collection of new data on thermal and humidity profiles at active nests and thermally associated behaviors of nesting lesser prairie-chickens. Our final goal was to analyze and assess a 10-year dataset of lesser prairiechicken response to herbicide and grazing treatments. This assessment included documentation of vegetation response to treatments and lesser prairie-chicken nest site selection and nest survival in response to the treatments. Admittedly, we recognize that this regional, time-limited project will not answer all the questions regarding climate change, reproductive ecology, and nesting resource selection of lesser prairie-chickens; however, we believe it will provide a compilation and analysis of existing phenological data, new nest climate data, and an assessment of archived data that will be a valuable contribution toward development of predictive models of response to future climate change. Our results provide an important tool for long-term conservation of this imperiled species by allowing simulations of spatial and temporal risk assessment for adaptive management options by conservation agencies. This is the final project report that includes results for the objectives: (1) a literature review of lesser prairie-chicken nesting phenology and ecology, (2) an analysis of thermal aspects of lesser prairie-chicken nest microclimate data, and (3) the analysis of the 10-year dataset in terms of nest site selection, nest survival, and vegetation response to herbicide and grazing treatments.
Study Areas
The study area included privately owned lands in Cochran, Hockley, Terry, and Yoakum counties in Texas and privately and publicly owned lands in Roosevelt County, New Mexico ( fig. 1 ). The soils in the area include Brownfield and Tivoli series; characterized by deep, loose, light-colored, neutral sandy soils and deep, loose, light-colored sands that occur as 2 to 5 meter (m) high dunes with slopes as great as 30 percent (Newman, 1964) . The landscape was composed of a matrix of grassland, cropland, and gently undulating sandhills and was dominated by sand shinnery oak (Quercus havardii) and sand sagebrush (Artemisia filifolia) shrubs with mixed grasses and forbs. Common grasses include little bluestem (Schizachyrium scoparium), sand dropseed (Sporobolus cryptandrus), purple three-awn (Aristida purpurea), and sand paspalum (Paspalum setaceum) (Pettit, 1979; Woodward and others, 2001) . Common forbs include silverleaf nightshade (Solanum elaeagnifolium), spectacled pod (Dimorphocarpa wislizeni), Indian blanket (Gaillardia pulchella), woolly locoweed (Astragalus mollissimus), common sunflower (Helianthus annuus), scarlet gaura (Oenothera suffrutescens), and halfshrub sundrop (Oenothera serrulata). In other areas, mesquite (Prosopis glandulosa) was invasive and encroaching upon native rangeland (Hagen and others, 2004) . Strahan (2008) provided a complete floristic survey of the plants located in the sand shinnery oak communities of eastern New Mexico. Average annual precipitation in the area is 45.9 centimeters (cm), with most precipitation falling from May to October (Newman, 1964) . Temperatures range from 44 to -33 °C; July is the hottest month with a mean temperature of 25 °C, and January is the coldest month with a mean temperature of 2.4 °C (Newman, 1964) . The major land uses for this study were cattle production, row-crop agriculture, and oil and natural gas extraction. Common surrounding row crops were cotton and grain sorghum (Crawford and Bolen, 1975) . Although the study sites are separated by a political boundary, there are no genetic or other biological differences between lesser prairie-chicken populations that occur in these counties (Corman, 2011) .
Herbicide and Grazing Treatments
The New Mexico study area was partitioned into 16 plots of about 65 hectares (ha) (one plot was 80 ha), each assigned one of four combinations of herbicide and grazing treatments: treated not grazed (T-NG), treated and grazed (T-G), not treated and grazed (NT-G), and a control of not treated and not grazed (NT-NG) ( fig. 2) . The pellet form of the herbicide tebuthiuron was applied from an airplane at 0.60 kg/ha to 532 ha of private land in 2000. The adjacent North Bluitt Prairie Chicken Area was not treated with herbicide. The rate of herbicide application was less than 50 percent of the recommended rates (1 kilogram per hectare [kg/ha]) to ensure that sand shinnery oak was not eliminated from the community (Peterson and Boyd, 1998; Haukos, 2011) . The North Bluitt Prairie Chicken Area was not grazed 7 years prior to treatment. The private lands were not grazed 2 years prior to herbicide treatment, and neither were grazed during the first 2 years after the herbicide treatment. The grazing treatment was a short-duration system in which plots were grazed once during the dormant season (January and February) and once during the growing season (July). The stocking rate was calculated each season on the basis of measured forage production and designed to remove 25 percent of available herbaceous material per season. A prevegetation survey conducted in 2000 found that the vegetation community in the study area was homogenous prior to application of the herbicide and grazing treatments (table 1).
Methods

Literature Review
To examine historical patterns of lesser prairie-chicken nesting phenology, clutch sizes, and nesting success, we did an intensive literature search to locate and review all published and unpublished reports and sought out voluntary contributions from collaborators of unpublished data.
In-Field Assessment of Thermal Ecology of Nesting Lesser Prairie-Chickens
Capture
Subadult and adult lesser prairie-chickens were captured on leks with walk-in funnel traps, rocket nets, and drop-nets during spring (March-April) from 2001-12. Upon capture of the lesser prairie-chickens, we recorded sex, age, lek of capture, time of capture, weight, wing cord, pinnae length, and tail length. Sex was determined by pinnae length, presence of eye comb, tail feather markings, and other plumage characteristics (Copelin, 1963) . Age was determined by wing feather plumage characteristics (Copelin, 1963 
Microclimate Assessment
We relocated radio-tagged hens daily by triangulation. We approached the hen via homing to determine nest locations when locations remained unchanged for 3 days or more (Pitman and others, 2006) . We counted the number of eggs in each nest (clutch size) and then marked nest locations with a hand-held Garmin Etrex Vista Global Positioning System unit.
We placed one Maxim Integrated Semiconductor data logger (Maxim Integrated Products, Sunnyville, Calif., U.S.A.; hereafter "ibutton") inside the nest bowl and one outside of the nest bowl to record ambient air temperature and relative humidity (hereafter RH) at 10-minute (min) intervals (categories hereafter are nest temperature, nest RH, outside temperature, outside RH). All temperatures were °C, and RH was defined as the ratio of water vapor mass per kilogram of dry air in a parcel of air (www.mesonet.ttu.edu; Accessed August 17, 2010). We placed the outside ibutton in the same vegetative substrate that constituted the nest bowl. For example, if the nest bowl was found in sand bluestem (Andropogon gerardii ssp. hallii), we put the outside ibutton on the perimeter of the nest bowl in the same plant. We collected the ibuttons within 3 days of nest failure or success. 
Microclimate Statistical Analysis
We sorted ibutton data by day and corresponding bird. We then calculated mean (and associated standard errors), maximum, and minimum values of nest temperature, nest RH, outside temperature, and outside RH for each nest and each day in Proc MEANS in SAS version 9.2 (SAS Institute, Cary, North Carolina, U.S.A.). We calculated the mean nest temperature and mean outside temperature for the morning (6 a.m.-9 a.m.), midmorning (9:01 a.m.-12 p.m.), midday (12:01 p.m.-3 p.m.), afternoon (3:01 p.m.-6 p.m.), evening (6:01 p.m.-9 p.m.) and nighttime (9:01 p.m.-5:59 a.m.) hours. We compared these values by using a factorial analysis of variance (hereafter ANOVA) in PROC GLM in SAS version 9.2. We used temperature as the response variable and time period (morning, midmorning, midday, afternoon, evening, night) and location (nest/outside) as the factorial explanatory variables. We calculated the least square means for each combination by using lsmeans in PROC GLM in SAS version 9.2. We also assessed if nest and outside temperatures and RHs differed throughout the duration of the nesting season on a weekly basis by using a factorial ANOVA. We defined week 1 as May 4-13, week 2 as May 14-20, week 3 as May 21-27, week 4 as May 28-June 3, week 5 as June 4-10, week 6 as June 11-17, week 7 as June 18-21, and week 8 as June 22-28. We used temperature as the response variable and week, location, and time period as the factorial explanatory variables. We calculated the least square means for each combination by using lsmeans in PROC GLM in SAS version 9.2. 
Thermal Stress
We used video surveillance of lesser prairie-chicken nests to assess if a hen was exhibiting signs of thermal stress via gular fluttering. We placed one GardenWatchCam (Brinno Inc., Palm City, Florida, U.S.A.; hereafter "nest-camera") at 13 nests. We set each nest-camera 1 m from the nest bowl and approximately 0.5 m above the ground. We camouflaged the nest-camera with camouflage duct-tape and surrounding vegetation. We programmed each camera to record one photograph every five seconds in 2010 and every 10 min in 2011-12; we modified the image capture rate in 2011-12 to allow for longer periods of data collection without nest visit and possible disturbance and to be consistent with the time interval at which thermal and humidity data were being collected. We collected camera data within 3 days of nest failure or success.
Thermal Stress Statistical Analysis
We reviewed video data from each camera to monitor when hens engaged in gular fluttering. We describe gular fluttering as follows: neck and head stretched out perpendicular to body (opposed to head and neck tucked into body) with bill gaping and "in and out" motions of the throat (Dawson, 1982) . At each 10-min interval, we recorded gular flutter (0= no, 1= yes) and the corresponding nest temperature, nest RH, outside temperature, and outside RH from the ibutton data. We used 10-min intervals because the ibutton data collection schedule restricted our observations to 10-min samples. For each hen, we assessed the number of flutter sequences (defined as when the hen starts gular fluttering and continues until stopping) per day, the duration of each sequence, nest and outside temperatures when the flutter sequence begins and ends, and time spent off nest. We modeled the probability of a hen going into gular flutter based on outside nest temperature and outside relative humidity by using PROC LOGISTIC in SAS version 9.2. We used flutter as the binary response variable and outside nest temperature and relative humidity as the explanatory variables.
Assessment of 10-Year Dataset
Nesting Ecology Nest Location
Nest locations of radio-tagged hens were determined by approaching the hen via homing when locations remained unchanged for two subsequent location attempts. Hens were not flushed off the nest in this study, but if they did inadvertently flush off the nest, observers counted the number of eggs present. When hens were located, the nest coordinates were recorded with a Global Positioning System unit. Each observer then moved 2 m north of the nest site, and a picture of the nest site was sketched for future records. A photograph of each nest was taken from the 2-m interval and the hen's frequency, band number, and age were recorded. In some cases a radio transmitter was placed 2 m north of the nest site to monitor the location of the hen in relation to the nest site. Habitat treatment combination/type was recorded for each nest site.
Nest Site Selection
We imported the Universal Transverse Mercator (UTM) coordinate of each nest into ArcGIS 9.2 to verify treatment assignment recorded on each datasheet. For nests that did not fall within a specific treatment plot, we used digital orthophoto quarter quads (DOQQs) from 2005 to reflect vegetative cover on the study area. We did not use 2009 DOQQs because an adjacent ranch was treated with tebuthiuron in 2009 and subsequently created a confounding factor within the original study design. All nests located on this ranch in 2009-10 were removed from treatment selection analysis. We incorporated the dune systems on the study area as polygon themes in ArcGIS 9.2. Additionally, we used hill shade layers in ArcGIS 9.2 to verify the digitized sand dunes to accurately assign treatment type when a nest fell within a dune system. We used grazing records from landowners to assign "grazing" or "no grazing" to nests that fell outside of a specific treatment plot.
We assessed nest site selection at the lek-specific level (Grisham, 2012) . We assessed nest site selection within individual leks of capture by using a type III design described by Manly and others (2002) , wherein we identified individuals and assessed available resource units. For this analysis, the individual units were nests from lesser prairie-chickens that were captured at the same lek, and the available resource units are defined as the available treatment types within the buffer placed around the lek of capture. To assess the available nesting habitat, we used ArcGIS 9.2 to develop a polygon that incorporated a 1.9-km buffer around each lek of capture on the study area. The mean distance from an individual's nest to the lek of capture was 1.7 km (n = 155; SE = 12.3) (Grisham, 2012; Davis, 2009 ) in this study. We used a 1.9-km buffer around each lek because 1.9 km was the upper bound of the 95 percent confidence limit for distance to lek of capture. We used a one way chi-squared test by using PROC FREQ in SAS version 9.2 to assess if lesser prairie-chickens were selecting treatments for nesting by comparing differences in the number of nests located in each treatment type (used) versus the total proportion of 100 randomly placed locations that is expected to occur within each treatment in the available nesting habitat. We calculated the 95 percent confidence interval for the percentage of nests observed in each treatment type for each test using the following equation: Zar, 2010) . We considered that a treatment was used more or less than expected if the chi-square test was significant and the expected proportion of nests in an individual treatment fell outside of the observed 95 percent confidence interval.
For our analysis, we assessed 2001-2 separate from other years because the amount of treatment types available differed because there was no grazing on the herbicide-treated areas during these years. Additionally, we only used the leks of capture in 2001-2 to assess available nesting habitat for this segment of the analysis.
Nest Survival
We used the logit-link function within the nest survival model in program MARK to assess daily nest survival from 2001-10. We developed five a priori models (Smythe and Haukos, 2009 ) to assess the effects of treatment combination on daily nest survival rates (table 2) . We used Akaike's Information Criterion for small samples (AIC c ), changes in AIC c and change in AIC c values, and Akaike weights (AIC w ) to evaluate model performance and select the best approximating model (Anderson and others, 2000) .
Vegetation Response Precipitation, Soil Moisture, and Percent Composition
We measured precipitation, soil moisture, and percent composition in each treatment plot from 2001-10. A digital recording rain gage (Rainwise Inc., Harbor, Maine, U.S.A.) was established in the New Mexico study area to monitor precipitation. In addition, a weather station was placed near the site to monitor daily weather conditions, including monthly precipitation. Because precipitation in semiarid regions is defined as being low and highly variable (Noy-Meir, 1973; Sala and Lauenroth, 1982) , potential precipitation variables for each year within the vegetation response assessment were calculated as winter I (November to March), winter II (October to March), growing season (April to October), and annual season (April to March).
We measured We conducted vegetative surveys each September from 2001-10 to monitor vegetation response to treatments. Within each replicate, we measured percent composition of grass, shrub, forb, bare ground, and litter every meter along 3, 10 m transects (Heady and others, 1959) . Percent composition of grass, shrub, forb, bare ground, and litter within each replication was estimated by dividing the number of points at which each occurred by the total number of points sampled. Also, we assessed percent composition of sand shinnery oak and sand bluestem within each plot as measures of shrub eradication and forage plant production, respectively.
Statistical Methods
Soil moisture exerts a relative influence on each measured, dependent variable included in this study. Thus, determination of a relevant precipitation index for each dependent variable was necessary to create a covariate that removed the maximum amount of variation caused by annual precipitation. These indices enabled us to test the relative effects of the treatments while minimizing the effect of annual precipitation, which varied from 21-82 cm during the study ( fig. 3) .
For each dependent variable, we tested four indices of precipitation that were biologically relevant for deep sand ecosystems, using April 1 and October 1 as the start and end of the growing season, respectively. These four indices are previous annual precipitation (April 1 to March 31), spring/ summer precipitation (April 1 to September 30), and two measures of winter precipitation (October 1 to March 31 and November 1 to March 31). Historically (1981 Historically ( -2010 , average precipitation from April to March was 42.45 cm, from April to October was 36.3 cm, from October to March was 9.77 cm, and from November to March was 6.16 cm (WRCC, 2010) . We chose two different indices of winter precipitation because temporal variation in winter precipitation has been used as Table 2 . Description, names, and number of parameters for five a priori habitat treatment models used to assess daily nest survival rates for 197 lesser prairie-chicken nests in Roosevelt County, New Mexico, U.S.A., 2001-10.
[NT-G, not treated and grazed; NT-NG, not treated and not grazed; T-G, treated and grazed; T-NG, treated and not grazed]
Model
Name Description a predictor variable for topographic features in the region (Brown and Comrie, 2002) . We assessed growing-season precipitation because plant structure may be related to growth during the previous growing season. We also tested annual precipitation, which is a combination of spring and winter precipitation.
Precipitation was treated as a continuous, fixed effect each year. For each dependent variable, we used AICc to rank models containing four precipitation indices to assess which index had the greatest influence on each dependent variable within our model set (Anderson and others, 2000) . The resultant precipitation measure from the highest ranking model was used as a covariate in a multivariate analysis of covariance (MANCOVA), removing the effect of variation in annual precipitation prior to testing the main effects of herbicide treatment (treated vs. untreated) and grazing (grazing vs. non-grazed) as well as their interaction. Plant species composition was categorized into groups of vegetation types (grass, shrub, and forb) as well as variables for bare ground and litter. If the MANCOVA results were statistically significant, we used a univariate mixed effects analysis of variance (ANCOVA) to test each dependent variable in the same study design. We used Satterthwaite's approximation to pool variances among the independent variables of herbicide treatment, grazing, and herbicide*grazing if residuals were homogenous (Zar, 2010) . If the precipitation covariate was significant (P < 0.05), we used simple linear regression to evaluate the strength of the influence of the precipitation measure on the dependent variable. We performed statistical analyses by using PROC MIXED in SAS 9.2. Data were tested for normality and homogeneity of variance (Cochran and Cox, 1957) . Because our samples were randomly selected, we assumed independence. We set α = 0.05 for all statistical tests.
Results
Literature Review
We conducted an extensive review and search for information on clutch initiation dates and brood sizes for lesser prairie-chickens because there is a dearth of information available on these subjects. We found 3 studies from Texas, 2 from New Mexico, 2 from Oklahoma, and 1 from Kansas from which we could find data on some or all of the parameters of nest initiation dates and clutch sizes (table 3). These reports averaged 3.6 years of data. Mean nest initiation ranged from as early as April 25 in 2005 in New Mexico (Davis, 2009) to as late as May 28 in Oklahoma (Copelin, 1963) ; however, Copelin's (1963) data must be interpreted cautiously because it consists of a small sample of 10 nests from across a wide time range . In general, mean initiation dates appear to be in early to mid-May (table 3) , but all these studies pooled both initial and renesting dates except Pitman and others (2006) , Davis (2009) , and our study. We found no correlation between date and clutch size for 7 datasets from 6 studies (r = 0.28, P = 0.54). 
In-Field Assessment of Thermal Ecology of Nesting Lesser Prairie-Chickens
Microclimate
We collected 29,650 recordings of nest temperature, nest RH, outside temperature, and outside RH from 22 LEPC nests (10 from Texas, 12 from New Mexico) in 2010-12. Outside temperatures and RH fluctuated widely with time of day whereas nest temperatures and RH were relatively constant within nests in context to outside conditions, suggesting regulation by the nesting hen ( fig. 4A, 4B ; tables 4, 5). In general, nests were warmer than external temperatures throughout the 24-hr period except for the afternoon and midday, and midmorning, during which nests were cooler (table 4). Nests averaged 31.0 °C with an average range of 28.5-33.48 °C, whereas external temperatures averaged 26.0 °C with an average range from 20.3-35.1 °C. Mean relative humidity was similarly consistent among nests ( x = 56.8, range 50.1-62.1) compared to external measures ( x = 55.28, range 34.6-74.8). Relative humidity at nests was greater than external throughout the 24-hr period except during nighttime and early morning hours (table 5). We compiled daily average recordings of nest temperature, nest RH, outside temperature, and outside RH for the daylight hours. Mean nest temperature ( x = 30.96, SE = 0.02) was significantly warmer than outside temperature ( x = 26.06, SE = 0.05; t 59302 = 77.65, P < 0.001) and mean nest RH ( x = 56.80, SE = 0.09) was statistically more humid than outside RH ( x = 55.28, SE = 0.16; t 59302 = 8.08, P < 0.001) during the daylight hours, but varied little biologically. Nest temperatures were different from outside nest temperatures as the nesting season progressed (F 13,59290 = 1011.10, P < 0.001; fig. 5A , 5B). Additionally, nest RH were different from outside RH as the nesting season progressed (F 13,59290 = 1012.32, P < 0.001; fig. 6A, 6B) . Mean nest temperature remained consistent throughout the nesting season whereas mean outside temperatures increased throughout the nesting season ( fig. 7A ). With the exception of week 1, mean nest humidity remained constant throughout the nesting season, whereas mean outside relative humidity fluctuated throughout the nesting season with no noticeable temporal pattern ( fig. 7B ). 
Thermal Stress
During the 2010 season, we were able to place nestcameras at 5 nests. We were unable to place cameras at nests in 2011 because of the lack of nesting attempts by lesser prairie-chickens in the study area; only 3 of 15 hens attempted to incubate and all failed within 3 days of initiation of incubation. In 2012, we placed cameras at 8 nests, but we were only able to use footage from 1 nest because of 6 nest failures. In total, we obtained usable footage from 5 nests; 1 nest-camera was inadvertently blocked by vegetation. We also had to eliminate data for 2 hens (1 in 2010, 1 in 2012) because of faulty ibutton readings. Ultimately, we obtained 15 complete flutter sequences from 3 birds. Each flutter sequence typically lasted for more than 5 hours, and once a hen began to flutter she did so continuously without breaks until stopping (table 6) . Hens left the nest twice a day, once in the morning (5 a.m.-8 a.m.) and once in the evening (6 p.m.-8:30 p.m.). Duration of off-nest events varied but tended to last less than 1 hour (table 7) . When the hen was off nest, temperatures and relative humidity tended to decrease ( fig. 4A, 4B; table 7) .
We recorded 
Assessment of 10-Year Dataset
Nesting Ecology
Nest-Site Selection
We located 205 nests from 169 female lesser prairiechickens from 2001 to 2010. We eliminated 23 nests from analysis because they were either located on an adjacent ranch that was treated with tebuthiuron in 2009 or because we were unable to accurately assign a habitat treatment type. Of the 182 nests, 73 (40 percent) nests were located in NT-G areas, 36 (20 percent) were located in NT-NG areas, 53 (29 percent) were located in T-G areas, and 20 (11 percent) were located in T-NG areas (table 9) .
Because the study area was not grazed for 2 years after herbicide treatment, all nests located in an herbicide-treated area were labeled as T-NG. Nests that occurred on neighboring ranches were categorized as grazed because these areas were grazed in 2001-2. More nests were located in grazed pastures compared to not-grazed pastures 3-5 years after treatment. By the year 2006 (5 growing seasons after treatment) there were only two small noticeable patterns: more nests were located in T-G areas and no nests were located in T-NG areas (table 9) .
Nest Site Selection 2001-2
We used 18 nests from one lek of capture (lek "8") for this analysis. The total available nesting habitat for this lek was 1,132 hectares. Not-treated and grazed areas (628 ha) and T-NG (312 ha) were more abundant compared to NT-NG areas (191 ha). Twelve nests (67 percent) were located in NT-G areas, 2 (17 percent) were located in NT-NG areas, and 2 (17 percent) were located in T-NG areas. Of the 100 randomly placed points, 57 (57 percent) were located in NT-G areas, 25 (25 percent) were located in NT-NG areas, and 18 (18 percent) points were located in T-NG areas; lesser prairiechickens did not use treatment types disproportionately to what was expected ( x 2 = 0.81, P = 0.66).
Nest Site Selection 2003-10
We used 84 nests from five leks of capture for this analysis (table 10). The total available nesting habitat for radio-tagged lesser prairie-chickens for each lek was 1,132 hectares. The amount of available habitat varied by individual lek, but overall NT-G and T-G areas were more common compared to NT-NG and T-NG areas (table 10). Table 9 . Number of lesser prairie-chicken nests located in each treatment type for each year of study in Roosevelt County, New Mexico, 2001-10.
[NT-G, not treated and grazed; NT-NG, not treated and not grazed; T-G, treated and grazed; T-NG, treated and not grazed] [NT-G, not treated and grazed; NT-NG, not treated and not grazed; T-G, treated and grazed; T-NG, treated and not grazed; *, the NT-G areas for this lek were all found within untreated dune systems on the study area] The proportion of observed nests within each treatment type varied by lek, and there were fewer nests observed in T-NG areas across the five leks. Otherwise, there were no noticeable trends for the proportion of observed nests within each treatment (table 10) . The expected number of nests within each treatment followed the same pattern as the total amount of habitat available for each lek, as there were fewer numbers of expected nests in NT-NG and T-NG areas (table 10) . Lesser prairie-chicken hens used treatments disproportionately to what was expected for of the 5 leks whereas they used treatments in proportion to what was expected for 1 lek.
Year
NT-G NT-NG T-G T-NG Total
Lek Available hectares
NT-G NT-NG T-G T-NG
Treated and not-grazed was the only treatment that was used in proportion to what was expected within the four leks that suggested selection (table 11) . Otherwise, there were no noticeable selection patterns for each treatment type among the four leks of interest (table 11) .
Nest Survival
We assessed nest survival for 181 nests (103 nests from 2001-05 and 78 from 2006-10). Based on model selection criteria, there was no evidence of differences in daily survival rates across treatment types (table 12) . Model-averaged results suggested the probability of daily nest survival across habitat plots was 0.95 (SE 0.003). Thus, the probability of a nest surviving the 28-day incubation period was 0.24 (that is, 0.95 28 ). Table 11 . The proportion of nests observed for each treatment (TRT), 95 percent confidence interval for each observed proportion, the expected proportion for each treatment, and selection assessment for four leks in Roosevelt County, New Mexico, 2003-10. We excluded lek 5 from this assessment because nests were placed within treatments in proportion to what was expected. 
Vegetation Response Precipitation
The highest-ranking index for all precipitation indices was winter precipitation (table 13). The effect of precipitation was statistically significant on soil moisture and percent vegetative composition. The linear relationship between soil moisture and percent composition was marginally biologically relevant because these relations had low r 2 values. The relations between precipitation and soil moisture as well as precipitation and percent composition were negative.
Soil Moisture
Winter precipitation from October to March was the highest ranked precipitation measure for soil moisture in April (table 13) . Winter precipitation had a significant effect in the ANCOVA (F 8, 396 = 541.91, P < 0.0001; table 14); however, even though the slope for winter precipitation was statistically significant, it offered little ecological explanatory ability (r 2 = 0.12; F 1, 430 = 59.36, P < 0.001; fig. 8A ). Plots treated with tebuthiuron had 16 percent more soil moisture in April than those that were not treated (F 1, 396 = 105.04, P < 0.0001; fig. 9A ). There was also a grazing effect (F 1, 396 = 7.67, P = 0.006) such that soil moisture increased by 4 percent in grazed areas compared to not-grazed areas. There was no herbicide and grazing interaction effect (F 1, 428 = 0.16, P = 0.69). , and trend of precipitation regression for soil moisture and plant composition. Data were collected in 16 experimental plots consisting of the combinations of (1) tebuthiuron (herbicide) treated and grazed, (2) tebuthiuron treated and not grazed, (3) nontebuthiuron treated and grazed, and (4) Winter precipitation from November to March was the highest ranked precipitation measure for soil moisture in June (table 13) .Winter precipitation was a significant factor in the ANCOVA (F 8, 360 = 503.30, P < 0.0001; table 14). The slope between winter precipitation and soil moisture in June was statistically significant, but there was no explanatory power in the relationship (r 2 = 0.01; F 1, 391 = 3.97, P = 0.05; fig. 8B ). Soil moisture in June was 17 percent greater in plots treated with tebuthiuron (F 1, 360 = 71.89, P < 0.0001; fig. 10A ). There was no grazing effect (F 1, 360 = 1.72, P = 0.19; fig. 10B ), nor was there an herbicide and grazing interaction effect (F 1, 360 = 1.03, P = 0.32) for June soil moisture.
Percentage of Composition
We used winter precipitation from November to March in the MANCOVA model for community composition (F 1,120 = 6 .63, P = 0.0001; table 15); however, for each dependent variable, the winter precipitation index did not have a significant effect: grass-r 2 = 0.007, F 1,120 = 1.01, P = 0.32; shrub-r 2 = 0.008, F 1,120 =1.22, P = 0.27; forb-r 2 = 0.0002, Table 15 . Summary of percent cover variables (grass, shrub, forb, litter, and bare ground) and their relationship with winter precipitation index, which was selected for the MANOVA following the trends of other plant variables. Data are from 16 experimental plots consisting of the combinations of (1) tebuthiuron (herbicide) treated and grazed, (2) tebuthiuron treated and not grazed, (3) nontebuthiuron treated and grazed, and (4) The results from the MANCOVA suggested significant herbicide (F 5,124 = 282.2, P < 0.0001) and grazing effects (F 5,124 =11.14, P < 0.0001), but no interaction effect (F 5,124 = 0.33, P = 0.89) (table 16). We tested herbicide and grazing treatments for each dependent variable by using individual ANCOVAs. An effect of herbicide was found for percentage of shrub cover ( fig. 11A), grass (fig. 12A), forb  (fig. 13A), and litter (fig. 14A) . Grazing only had an effect on litter ( fig. 14B) and bare ground (fig. 15B ). Shrubs were 117 percent greater in untreated plots than those treated with herbicide. Consequently, grasses increased by 149 percent and forbs increased by 257 percent in treated areas compared to untreated areas. Litter decreased by 17 percent in treated areas as compared to untreated areas. There was 13 percent less litter and 28 percent more bare ground in grazed than notgrazed pastures. Table 16 . Overall MANCOVA results for percent cover and individual ANCOVA results for percentage of cover with associated F and P values. Data are from 16 experimental plots consisting of the combinations of (1) tebuthiuron (herbicide) treated and grazed, (2) tebuthiuron treated and not grazed, (3) nontebuthiuron treated and grazed, and (4) Winter precipitation from October to March was the highest ranked precipitation index relative to the occurrence of sand shinnery oak (table 17) . There was a significant precipitation effect on presence of sand shinnery oak (F 3, 144 = 4.60, P = 0.004; table 14); however, despite a significant slope, the relationship between sand shinnery oak occurrence and precipitation index was weak (r 2 = 0.03; table 14; F 1, 158 = 5.46, P = 0.02; fig. 16A ). Treated areas had 91 percent less sand oak than untreated areas (F 1, 12 = 744.68, P < 0.0001; fig. 17A ; table 18). We found no evidence of a grazing effect (F 1, 12 = 0.23, P = 0.64; fig. 17B; table 18 ), but a possible, if marginal, herbicide and grazing interaction effect (F 1, 12 = 4.33, P = 0.06; table 18) on the occurrence of sand shinnery oak. Table 17 . List of ranked Akaiki Information Criterion (AIC) models for precipitation, AIC c , change in AIC c , and AIC c weights for presence of sand shinnery oak and sand bluestem species. Data were collected in 16 experimental plots consisting of the combinations of (1) tebuthiuron (herbicide) treated and grazed, (2) tebuthiuron treated and not grazed, (3) nontebuthiuron treated and grazed, and (4) Table 18 . List of herbicide, grazing, and interaction effect for presence of sand shinnery oak and bluestem that were collected in 16 experimental plots consisting of the combinations of (1) tebuthiuron (herbicide) treated and grazed, (2) tebuthiuron treated and not grazed, (3) nontebuthiuron treated and grazed, and (4) Winter precipitation from October to March was the highest ranked covariate for the occurrence of sand bluestem (table 17) . This precipitation index had a significant effect on the occurrence of sand bluestem (F 9, 108 = 39.25, P < 0.0001; table 14); however, despite a significant regression slope the precipitation had little predictive influence on sand bluestem (r 2 =0.06; table 14; F 1, 158 = 9.24, P = 0.003; fig. 16B ). There was an herbicide effect (F 1, 156 = 29.28, P < 0.0001; fig. 18A ; table 18) such that the treated pastures had 118 percent more sand bluestem than those that were not treated. There was no grazing effect (F 1, 156 = 0.03, P = 0.87; fig. 18B ; table 18), nor herbicide and grazing interaction effect (F 1, 156 = 0.47, P = 0.49; table 18). 
Discussion
Microclimate and Thermal Stress
We obtained thermal and RH data from the nests of 22 lesser prairie-chickens. This number was reduced from what was possible because of lack of nesting activity in 2011 and, presumably, very high temperatures early in the nesting season in 2012. Our hypothesis that nighttime nest temperatures would be greater than external temperatures was supported by the data, but we also anticipated that daytime nest temperatures would be cooler than external temperatures; however, nest temperatures were cooler only during the afternoon and midday hours when external temperatures were at their highest. In relation to ambient conditions, however, nest temperatures and RH remained relatively consistent. Indeed, it was quite noticeable on the ibutton data when hens took temporary leave of nests. These departures from the nest typically lasted for approximately 1 hr and occurred at dawn and dusk ( fig. 4 ). These data suggest that the presence of hens is critical in regulating the thermal and humidity conditions within nests.
Nests averaged 31.2 °C with an average range of 28.5-33.5 °C. The thermal tolerances of lesser prairie-chickens is as yet undetermined, but thermal tolerance for 80 percent survivorship among Galliformes eggs was estimated between 31 and 39 °C (Webb, 1987) ; however, Webb (1987) suggested most species could survive a range of 36-39 °C for exposure of no more than a few hours. Based on our results, it appears that this range is applicable to lesser prairie-chickens. We witnessed ambient conditions approach this threshold for egg survival in 2011 and partially in 2012. Additionally, we witnessed multiple nest abandonments in 2009 when temperatures exceeded 37 °C for 5 subsequent days in the last week of May. We witnessed three nest abandonments within 3 days of incubation initiation during 2011. On-ground temperatures from our dataloggers in 2011 revealed that temperatures around the nests exceeded 50 °C, which is well beyond the threshold for egg viability. Humidity may be an even greater issue for lesser prairie-chickens. Hermes (1995) recommended a relative humidity of 55-60 percent for captive incubation of bird eggs. Daytime humidity in our study area ranged between 10 percent (2011) and 35 percent (2010), but nest humidity averaged 56.8 percent, which is consistent with the recommendations of Hermes (1995) . It appears that hens can maintain nests in an acceptable humidity under 2010 conditions; however, their ability to compensate for climate trends of hotter, drier air are limited on the basis of 2011 and 2012 results.
The use of cameras in this study was experimental, and the methods with which to optimize their use needed to be understood. We recorded 261 hours of video data at nests and were able to ascertain time spent on nest per day for hens and, in some cases, determine cause of nest failure. We cannot rule out the possibility that our nest-cameras caused some lesser prairie-chicken hens to abandon their nests or predisposed them to depredation in 2011 and 2012; however, these abandonments also occurred when surrounding nest vegetation was lacking because of drought in 2011 and unexpected treatment of tebuthiuron that occurred on one ranch in 2012. Interestingly, the two nests that we obtained footage from in 2012 were on a different ranch that was not treated with tebuthiuron. Patten and others (2005) suggested that areas treated with tebuthiuron can act as an ecological trap for nesting lesser prairie-chicken hens, and the nest abandonments we witnessed in 2012 could be due to hens abandoning their nests in response to repeated defoliation of surrounding vegetation.
The conflicting results we witnessed between 2010 and 2011-12 are interesting and warrant a few suggestions for placing cameras at lesser prairie-chicken nests. First, we suggest that investigators allow hens 1 full week of incubation before cameras are placed at nests to allow hens to become acclimated to their nesting environment. Secondly, we suggest that nest-cameras be placed between 1.5 and 3 m from the nest and be completely camouflaged by using surrounding vegetation and camouflaging materials. Third, it is prudent for investigators to avoid repeated visits to nests where cameras are installed. Lastly, there may be greater risk of disturbance and abandonment if cameras are installed during drought years or in years where potential nesting habitats have been altered by disturbance.
Camera data from this study were limited but interesting. In essence, we found that once a hen commenced gular flutter, she continued nonstop until the cooler temperatures of early evening. Flutter sequences ranged from 5 to 9 hours but on average were shorter in 2010 compared to 2011-12. These results suggest gular flutter was associated with ambient air temperature and relative humidity but may not necessarily be an indicator that the hen was experiencing thermal stress. We suspected that we overlooked another causative agent of this behavior, which may be exposure to direct solar radiation. Thus, in 2012 we used an LP02 pyranometer (Campbell Scientific, Logan, Utah, U.S.A.) to assess the potential effect of solar radiation on nesting lesser prairie-chickens. We deployed the pyranometer at each nest in 2012 immediately after the nest failed or hatched to avoid disturbing the nesting hen. Because of multiple nest failures and faulty ibutton readings, however, we were only able to use data from one nest. The pyranometer revealed that the nest provided little protection from solar radiation aside from 9 a.m.-2 p.m. because nest solar radiation was similar to outside solar radiation for the rest of the diurnal period. If thermal stress (as expressed by gular flutter) was explained by solar radiation, we would expect the hen to stop fluttering around 2 p.m. Instead, flutter lasted well into the evening and ended ~ 8 p.m. on average (figs. 19, 20) . The combined, limited results from all data sources (ibuttons, nest-cameras, pyranometer) suggest that gular flutter may not be an indicator of thermal stress. Another possible explanation is that it may be a physiological mechanism used to regulate nest humidity. Indeed, gular flutter sequences recorded in our analysis were shorter in 2010, when ambient conditions were cooler and more humid, compared to 2011-12, when ambient conditions were hot and dry. Additionally, the one hen we recorded in 2012 tended to engage in gular flutter for longer periods of time on days when humidity was lower, regardless of solar exposure. Our observations are based on limited data, but we suggest they warrant continued investigation across the distribution of the lesser prairiechicken because of the climate change forecasts that predict hotter, drier springs on the Great Plains.
Nesting Ecology
Our assessment of nest-site selection and nest survival revealed several important aspects of lesser prairie-chicken nesting ecology in relation to herbicide and grazing treatments. First, nest density was not influenced by herbicide treatment. Second, there were no noticeable patterns of selection at the scale of individual lek, suggesting lesser prairie-chickens have the ability to adapt to surrounding habitat conditions, within the range of conditions suitable as suggested by Hagen and others (2004) . Within this finding, nest survival was not different among treatments. Our results contrast significantly from Johnson and others (2004) and Haukos and Smith (1989) , who found that nesting lesser prairie-chickens selected untreated pastures over treated pastures. We note two important differences between these studies and our results. First, the rate of herbicide application used in our study was less than that applied in these other two studies; vegetation composition is known to differ between pastures that are heavily treated and moderately treated (Peterson and Boyd, 1998; Haukos, 2011; Zavaleta, 2012) . Second, the experimental design used for this study incorporated areas that were treated, not treated, grazed, and not grazed, which resulted in a heterogeneous landscape with an increasing diversity of plant communities and reduction in the amount of sand shinnery oak monocultures. Although lesser prairie-chickens nest in a wide variety of plant species, nest vegetation characteristics did not vary among treatments in 2001 -5 or in 2006 -10 (Grisham, 2012 , suggesting that herbicide and short-duration grazing treatments may alter the community structure at larger scales (Zavaleta, 2012) but suitable nest vegetation remains within each type of treatment.
There was no noticeable selection pattern among the individual leks we assessed other than T-NG areas were used in proportion to what was expected. The inconsistencies occurred across four different patterns of treatment availability, and there was only one instance when the pattern of availability was the same (lek 1 vs. lek 17; table 11). In this case, NT-G areas were used less than expected, but the lack of this pattern among all leks suggested that nesting habitat remained in all treatment types specific to this study as well as a finer scale assessment of particular nest structure is warranted.
In addition, we did not detect differences in nest survival among treatments. These findings suggest that neither low-dose herbicide application nor light stocking rate nor combinations of these treatments are negatively influencing lesser prairie-chicken nest survival. The nest survival rate reported herein is consistent with, or lower than, other studies that have examined lesser prairie-chicken nest survival (Hagen and others, 2004; Fields and others, 2005; Pitman and others, 2006; Davis, 2009; Grisham, 2012) . Data from Grisham (2012) and Fields and others (2005) suggest that nest vegetation is a poor predictor of nest survival. The survival estimates reported herein are only reflective of the candidate models within our assessment (treatment type assessment), and data from Grisham (2012) and Davis (2009) suggest other factors influence nest survival to a greater extent; therefore, nest survival in relation to nest vegetation structure may be low but may not translate to reduced productivity because of other underlying mechanisms not included in the candidate model set (that is, environmental conditions and vegetation interactions).
Vegetation Response
When a nearly monotypic sand shinnery oak site was treated with 0.60 kg/ha of tebuthiuron, sand shinnery oak was reduced by 94 percent on sites that were not grazed, and 88 percent on sites that were grazed, throughout a 10-year period. Moreover, when coupled with a grazing system that removes a maximum of 50 percent herbaceous production (25 percent removed at each grazing interval), sand shinnery oak did not increase in density following herbicide treatment (Zavaleta, 2012) . Because sand shinnery oak is an effective water gatherer, controlling it to levels achieved in this study increased soil moisture, which then becomes available for other plants. Consistent with increased soil moisture, we noticed higher herbaceous biomass. Inouye (2005) found that the recharge of soil moisture was primarily the result of winter and early spring precipitation, with soil moisture declining during the spring and summer growing season as evaporation and transpiration increased. We found that the highest-ranking precipitation models for soil moisture in April and June included winter precipitation. Soil moisture increased by 16 and 17 percent in treated areas compared to untreated areas in April and July, respectively. This finding is consistent with other studies examining the influence of shrub removal on soil moisture. Inouye (2005) found that soil moisture was greater at depths of 120-180 cm in areas that had shrub removal in Idaho. Similar results have been found in semi-arid, shrub-grassland plant communities. In the Chaparral of California, brush control through the use of 2,4-D (a broadleaf herbicide), fire, and hand clearing was found to decrease soil moisture stress, which improved the chance of establishment of perennial grass (Test, 1972) . Similarly, in Nevada, Robertson (1947) found that removal of big sagebrush increased available water for grass production.
Abiotic Factors
Soil moisture dynamics affects not only overall biomass production but also plant communities. The limiting influence of soil moisture is accentuated in semiarid environments. For example, Pettit (1979) explained that sand shinnery oak does not require more water than grasses but is able to outcompete grasses in dry years because it starts spring growth 2 weeks earlier. The pattern of recharge and depletion of soil moisture favors plants that can quickly extract soil moisture early in the growing season (Inouye, 2005) .
In periods of drought, sand shinnery oak has an advantage over grass because it stores up to 50 percent of its weight as water; however, when water is available, grasses can extract more deep soil water (Jones and Pettit, 1980) . With the removal of sand shinnery oak, more water is available to support herbaceous production, which may mitigate grass loss during drought to a certain extent.
Rates of Tebuthiuron
It has been argued that herbicides, at a low rate, offer only temporary increases in herbaceous production and must be reapplied for 2-3 consecutive years (Scrifres, 1972; Pettit, 1979) ; this contention is not supported by our data. Our results show that when there is moderate grazing following herbicide treatment and period of rest subsequent to treatment, sand shinnery oak may not redevelop to pretreatment levels. This lack of redevelopment may be due to grasses remaining competitive under this grazing pressure. In fact, sand shinnery oak decreased by 88 and 94 percent in grazed areas and notgrazed areas, respectively, over 10 years.
Other research indicates that lower application rates (<0.5 kg/ha) of tebuthiuron can achieve a significant reduction in plant counts of sand shinnery oak. Jacoby and others (1983) found that mortality of sand shinnery oak, based on stem counts, was estimated at 42 and 94 percent with application rates of 0.5 kg/ha and 1.0 kg/ha rates of tebuthiuron, respectively, 18 months after treatment. Jones and Pettit (1980) found that at a rate of 0.4 kg/ha sand shinnery oak was reduced by 95 percent after 3 years. This finding is consistent with our results, where, at a rate of 0.60 kg/ha, there was a significant herbicide effect on the reduction of sand shinnery oak in sand shinnery oak-grasslands in New Mexico.
We used the examples of sand shinnery oak and sand bluestem to illustrate the relation between shrub removal and grass growth. Both were significantly influenced by treatment. Sand shinnery oak was 91 percent less and sand bluestem was 118 percent more in treated areas as compared to untreated areas. It is reasonable to assume land managers could use comparable tebuthiuron rates to achieve historical standards of 15 percent of total shrub composition (USDA NRCS, 2010; Zavaleta, 2012) . For ecological restoration, the goal of treatment should not be to eliminate the sand shinnery oak completely in favor of grass production but rather to restore these communities to historical standards. Some land managers have recognized this paradigm shift and have reduced tebuthiuron application rates to less than 1.0 kg/ha and deliberately avoided dune areas (Haukos, 2011) .
Changes in Composition
Even at low doses, tebuthiuron treatment resulted in changes to the plant composition of the community on the sites examined in this study. There was a significant herbicide effect for the proportions of grass, shrub, forb, and litter, but not bare ground. Several studies have tested the effect of tebuthiuron on shrub control and grass production. Grass production and the types of grasses that grow will change depending on the rate of tebuthiuron and soil characteristics. Our results demonstrate that percent grass cover increased 149 percent in treated areas as compared to untreated areas. Jones and Pettit (1980) found the highest grass yield was four times greater at treatment rates of 0.8 (kg/ha) compared to their control, but grass production increased 2.5 fold at a rate of 0.4 kg/ha. Doerr (1980) found that grass production increased 88-130 percent, with bunch grasses increasing 12-32 percent, when application rates were between 0.2 and 1.0 kg/ha.
Although our results suggested a positive relationship between grass production and tebuthiuron application, we stress that this relation is not linear. At application levels greater than 1.0 kg/ha, the increased benefit of grass production becomes null. At a rate of more than 3 kg/ha, nontarget grasses and forbs are killed. Jacoby and others (1983) reported that at a rate of 1.1 kg/ha grass yields only doubled in treated as compared to untreated plots. Furthermore, it is important to note that the quality of grass production is also affected by high rates of tebuthiuron. At high application rates, most of the production results in annuals and undesirable plant species for cattle (Haukos, 2011) .
Our results show that forb production is benefited by tebuthiuron treatment. Forbs increased nearly three-fold in treated areas as compared to untreated areas. Forbs generally increase in diversity and production 2 years after application (Doerr and Guthery, 1983; Haukos, 2011) . Similar to grass production, there is a threshold in which tebuthiuron application is no longer beneficial. Doerr (1980) found that forb densities were decreased in plots with 0.8 and 1.0 kg/ha, and Scifres and Mutz (1978) found that most forb species were killed at application rates of 2.0 and 3.0 kg/ha. Percent litter decreased by 17 percent in treated areas and 12 percent in grazed areas. Similarly, Sears and others (1986) found that litter decreased 32 percent in treated plots as compared to control six years after treatment. These changes are likely due to treated areas having more rooted herbaceous production so there is less litter compared to untreated areas.
Tebuthiuron did not affect the amount of bare ground, but bare ground increased by 28 percent in grazed as compared to not-grazed treatments. Grazed areas are more likely to have bare ground because of herbaceous production removal by cattle. Our results differ from other studies where untreated plots contained almost twice as much bare ground as compared to treated plots (Jacoby and others, 1983) . Differences in our results are likely due to the higher tebuthiuron application rate (1.0 kg/ha) used by Jacoby and others (1983) compared to our study (0.6 kg/ha) and may have been influenced by different precipitation patterns between study periods.
Grazing
In arid systems, livestock grazing can significantly alter soil properties and vegetative structure complexity (Castellano and Valone, 2006) ; however, the magnitude of these changes depends on the stocking rate and the level of grazing. In our study, grasses and forbs were able to persist because they remained a competitive part of the system. Litter and bare ground were the most affected by grazing with each increasing 13 percent and 28 percent, respectively. The increase in litter and bare ground provides more heterogeneity of the habitat, which may be beneficial for some types of rodents and herptiles (Zavaleta, 2012) . Our results should be placed in context of the grazing system used for this assessment, including deferment of cattle 2 years after tebuthiuron application. Our results demonstrated that this lag period provided an opportunity for grasses and forbs to establish before grazing or herbaceous removal began.
